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ABSTRACT 

An  experiments  1   inveatigeiticn  was  made  to  determine  the  charac- 
teristics  of  tha  flov;  over  the  surface  of  a   70     cone  r.nd  at  the  shock- 
wave  for  values  near  the  detachnent  Mach  number.      The  purpose  of  this 
investigation  »?as  to  compare  the  experimental  results   obtained  -with 
theoretical  values e 

Teats  were  made  in  the  GALCIT  2.5fl  Supersonic  "ind  Tunnel  on  a 

o 

70     cone  at   zero  an^le  of  attack  for  five   different  free   stream  Mach 

numbers i     1,49,    1,530,    1.694,    1.86,    1.997. 

It  waa  found  that  theory  givee   close  agreement  with  experimental 
results. 

This  investigation  to&s  conducted  jointly  with  Mr.  Vincent  -iuirhead 
at  the  California  Institute   of  Technology,   P^aadena,   Calif orni?... 
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I.      INTRODUCTION 

The  purpose  of  this   investigation  was  to  determine  experimentally 
the  character istios  of  the  flow  over  the  surface  of  a  70     cone  and  at 
the   shock  wave  for  values  near  the  detachment  Much  number,      h  furtner 
purpose  was  to  compare  the  experimental  results  obtained  with  values 
determined  analytically  for  an  infinite  70°  cone<> 

A  previous  experimental  investigation  of  this   problem  by  Marschner 
and  Altseimer   (Ref.    1;  was   inconclusive  for  points  near  the  apex  of  the 
cone.      In  addition,   the  Marschner  and  Altseimer  work  was   not  directly 
comparable  with  analytical  results   since  no  nnalytioal   data  were  avail- 
able for  the  exact  cone  angle  which  they  used. 

In  this   investigation  only  the  flow  parameters  at  the   surface  of 
the  model  and  the   configuration  of  the  primary  shock  -wave  were  determined. 
A  70°  cone  with  a  oircular  cylindrical  afterbody  was   tested  at   zero  angle 
of  attack.      Tests  were  made  at  five  different  3feioh  numbers t     1.49,    1.636, 
1.694,    1,86,    1.997. 

Theory  predicts   that  the   initial  Mach  number  for  which  the  shook  wave 
first  becomes   attached  to  the   cone   is   1.681.      The  free  stream  ikch  number 
at  which  the  flow  theoretically  first  attains   sonic  velocity  behind  the 
shock  \iave  is   1.769.      The   initial  Mach  number  for  which  the   flo-sr  theore- 
tically first  becomes   sonic  along  the  surface  of  the  cone   is  10911.     Mach 
1.49  therefore  was  chosen- to   give  a  well  defined  detaohed  shock,      bfeoh 
1.636  isms   chosen  to  give  a  detached  shock  under  conditions  very  slightly 
removed  from  those  at  attachment.      liuch  1.694  was   seleoted  to  give  an 


attached  shook  olose  to  the  minimum  Mach  number  for  attachment  where 
the  flow  after  the  shook  was  subsonic.  Haoh  1,88  was  selected  to  give 
an  attached  shock  with  supersonic  flow  after  the  3hock  except  for  a 
region  near  the  surface  of  the  cone  where  th©  flow  is  subsonic.  Mach 
1.997  was  chosen  to  give  an  attached  shock  with  the  flow  after  the 
•hock  supersonic  including  the  region  at  the  cone  surface. 

For  the  convenience  of  the  reader,  the  above  is  reoapitui.ited  in 
tabuler  form* 


Initial 

TheoretJ  cal 

Shock  wave 

Flo??  behind 

Flow 

S&oh  number 

i*in.    tfaoh 

shock 

alon^  cone 

used 

'Jo.  for 
condition 

surfaoe 

described 

1.49 

1.00 

Detached 

Subsonic 

S-ubsonio 

1.6S6 

1.00 

Dfttaohed 

Subsonic 

Subsonic 

1.694 

1.683 

Attached 

Subsonic 

Subsonic 

1*86 

1.775 

-nttaohed 

Supersonic 

Subsonic 

lo997 

1.917 

Attached 

Supersonic 

Supersonic 

In  order  to  improve  on  the  results  obtained  by  Marschner  and 
Altsaimer,  the  lurgest  model  possible  without  b3ockin::  the  tunnel  was 
used  and  a  pressure  orifioe  was  placed  as  olose  to  the  nose  as  practic- 
able. To  make  possible  an  exact  comparison  with  theory  a  70  cone  anp;le 
was  used  sinoe  computed  values  are  tabulated  for  that  angle  (Kef.  2 ,. 

The  mathematical  treatment  of  the  problem  of  supersonic  flows  around 
infinite  cones  has  been  given  by  several  investigators,  notably  Busemann 
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(Ref.    5;  *nd  Taylor  and  Macooll    (Ref«   4,.      Konal  has  sunnlie^   confuted 
numerical   data  based  on  the  mathematical   theory    (Ref  ♦    2  ,.      It  is   tho 
aim  of  this  vrork  to  oomnare  this  compute^  duti.  with  experimental   data 
obtained. 

This    investigation  was   conducted   in  the  2.5M  Supersonic  Wind 
Tunnel  at  the  Guggenheim  Aeronautical  Laboratory,  California  Institute 
of  Technology,   Pasadena,   California  during  the  winter  cf  1948-1949. 


II.  EQ"IFr;"iT  /,vn  H'.XPTIR^ 

ght  models  /ere  tested.  Eash  .      r   :*y  circular  cylinder  with 
a  70  conical  nose  and  had  one  static  pressure  orifice  at  some  point 
on   the  cone  or  cylinder.   The  models  differed  from  each  other  only  in 
the  looation  of  this  pressure  orifice.   Per*  details  see  Pig,  1. 

The  models  were  tested  in  the  GALCIT  2.5"  Supersonic  T?ind  Tunnel. 
This  is  a  single  return,  olosed  throat,  continuous  cycle  wind  tunnel 
with  a  r.5"  x  2.5"  test  section.   For  a  detailed  description  of  b  .e 
tunnel  see  P. of •  5.   The  model  wa8  supported  by  a  at      "oh  could  be 

i3ted  in  angle  of  attack,  but  not  in  yaw*  Fixed  steel  nor, 
blocks  were  used  for  Ma oh  numbers  l.GuS  and  1.397.  Flexible  bronze 
nozzle  blocks  were  use i  for  Uaoh  numbers  1#49,  1.694  and  19SS.  The 
details  of  construction  and  method  of  adjusting  the  flexible  nozzle 
blocks  are  contained  in  Ref .  1. 

Photographs  of  the  flow  ere  taken  with  the  standard  Schlieren 
apparatus  Installed  in  this  tunnel. 

The  Maoh  number  variation  in  the  test  section  (Fi^.  2j  was 
determined  by  a  centerline  pressure  survey.  Static  pressure  was 
taken  from  an  orifioe  in  a  section  of  hypodermic  tubing  clamped  in 
the  axis  of  the  nozzle  and  test  section.   The  difference  between  the 
oenterline  pressure  and  the  test  section  wall  pressure  was  measured 
on  an  acetylene  tetrabroraide  manometer.   This  pressure      renoe 
was  added  to  the  wall  pressure  measured  against  .tmospheric  pressure 
on  a  aerour  -  manometer. 


m^m 


The  model  mil   set  at   zero  an~lc  of   attack  "by  the  fcllc  -cce» 

dure.      Pressure  re-^in^s  vrere  taken  for  tvro  angle  a   of  B  .h  the 

orifice  on  top.      Pressure  readings  €c  0   two  uncles   of  uttack 

vrero   then  taken  with  the  oriTioe  on  t  lot  of  pressure 

versus  an^le  of  attack  7*as  a'de   (Fi^.    5>  and  t :.e   intersection  of  the 
line  for  the   orif:.ce  up  with  the   line  for  tht    orifice  dovm  gave  the 
tero  an^la   of  attack.     This   zero  setting  was  checked   ooth  wit 
orifice   up  and  the  orifice  down  and  adjusted  until  no  variation  existed. 

Static   pressure  at  the  model  orifioe,    settling   tank  pressure,   and 
test,  sect 5. on  wall   pressure  ?/ere  read  on  vertical  U-tube  mercury  mano- 
meters against  atmospheric  pressure.     Barometric   pressure,   room  tempera- 
ture and  settling;  tank  temperature  wero  reoordede 

To  determine    relative  humidity',   a  sample  of  tunnel  air  was    jled 
from  the  settling  tank  and  passed  over  a  cooled,   polished,  metal   disc. 
The  temperature  at  which  condensation  first  occurred  was  taken  as   the 
dew  point.      From  this   the  relative  humidity  was   determined.      The 
silica  gel   dryer  in  the  tunnel  air   circuit  kept  the  relative  humidity 
in  the  range  from  .0£  to  .04. 
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III.  RESULTS  ATIP  DISCISSION 

Pig.  4  is  a  graphical  presentation  of  the  notation  employed. 

Figs.  5  and  6  show  the  pressure  distribution  over  the  model  for 
the  case  of  the  detached  shook  wave  (M  -  1.4S  and  U  ~  1.636;.  At  the 
nose  the  ourves  are  faired  to  the  pressure  which  theoretically  obtained 
behind  a  normal  shock  mve.  This  -was  felt  to  be  a  valid  procedure 
since  the  photographs  of  the  flow  show  a  normal  shock  close  to  the 
nose  and  sinoe  the  pressure  cli  os  abruptly  as  the  nose  is  approached. 
These  results  tend  to  dear  up  the  uncertainty  left  by   the  Marschner 
experiment  as  to  the  behaviour  close  to  the  nose  near  the  attachment 
2fc.cn  number  o 

After  the  large  initial  acceleration  near  the  nose  the  florar 
accelerates  uniformly  but  more  slowly  over  the  middle  part  of  the 
cone  faoe  and  then  speeds  up  again  near  the  corner  of  the  cone  and 
oylinder.  The  theoretical  pressure  at  which  the  flow  becomes  sonic 
is  indicated  at  the  oorner.  The  model  and  tunnel  wall  form  an  effeotive 
throat  at  -?rhich  the  flow?  becomes  sonic 

Pig.  7  shore  the  case  of  the  attached  shock  with  subsonic  flow 
behind  the  shook  and  along  the  cone  face  (il  ==  1.694;.   The  theoretical 
pressure  at  the  nose  to  which  the  curve  is  faired  is  that  ^iven  in  the 
Kopal  report  (Ref.  2;.   It  appears  from  the  plot  that  the  flow  attains 
sonic  velocity  at  a  point  slightly  aheed  of  the  corner  (x/s   .975;. 

Pig.  8  shows  the  conditions  with  mixed  flo*^  oehind  the  attached 
shook  (M  -  1.86;.  Again  the  theoretical  nose  pressure  is  taken  from 
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Kopal.   It  is  indioated  that  the  flow  is  subsonio  over  the  first  half 
of  the  cone  and  super sonio  over  the  letter  half. 

Fi,:.  9  shows  the  pressure  distribution  with  the  whole  field 
supersonic  (M   1.397/.   The  flow  ulon,  the  entire  cone  faoe  is  nearly 
constant  and  in  good  agreement  with  the  theoretical  value  as  given 
in  Kopal.  The  pressure  for  a  Prandtl -Meyer  expansion  around  the 
corner  is  indicated. 

Pig.  10  is  a  summary  which  shows  that  the  transition  of  the  flow 
through  the  several  regimes  is  remarkably  gradual  and  even.  The  jump 
in  pressure  at  detachment  of  the  shock  wave  is  apparently  aorupt  for 
only  a  very  small  portion  of  the  flow  field  very  close  to  the  nose  of 
the  cone.  It  can  ;  lso  be  seen  that  the  flow  field  is  conioal  only 
for  the  case  where  the  flow  behind  the  shock  is  everywhere  supersonic 
(M  -  1.997;.  Where  there  is  mixed  flow  behind  the  shock,  the  flow  is 
non-conical. 

Fig.  11  shows  the  variation  of  pressure  with  Hach  number  for 
each  orifioe.  The  curves  are  regular  except  for  a  possible  smL.il 
discontinuity  in  slope  at  the  attachment  Kach  number.  The  curves 
are  dotted  for  this  portion  of  the  iiaoh  spectrum. 

Fig.  12  through  16  are  similar  to  Figs.  5  through  11  described 
above  except  for  the  reference  pressure  used.  In  ?igs.  5  through  11 
the  pressure  was  riven  in  ratio  to  the  settling  tank  pressure,  d  • 
In  Figs.  12  through  18  the  pressure  is  ijiven  in  ratio  to  the  theore- 
tical reservoir  pressure  oorrespondin •*  to  condition  behind  the  shock, 

p  '•  For  the  detached  shock,  normal  shock  wave  relation  were  used. 

o 

For  the  attached  shocks,   oblique  shock  wave  relations  were  used 


considering  the   shook  angle  existing  at  the  nose. 

Pig.   19  shows,   to  a  seal©   sis  times  actual   sise,    the   configuration 
of  the  primary   shock  waves  for  the  various  *4aoh  numbers  tested.      These 
patterns  were  traced  from  projections  of  the  Schlieren  photographs 
taken. 

Figs.    20  through  24  are  plots   of  shock  -wave  angle  and  Mach  number 
after  the  shock.      The  wave   angle  was  measured  directly  from  the   shock 
traces  and  the  -iach  number  after  the  shook  calculated  from  the  oblioue 
shook  relations.      The   theoretic :.l  value  for  the  wave  angle  for  an 
infinite  cone  as   derived  from  Kopal  is   indicated  on  the  curves.     Figs* 
25  and  26  are  summaries  shoeing  the  gradual,  transition  of  the  conditions 
at   the   shook  through  the  different  types   of  flow. 

From  Fig.   26  it  oan  be   seen  that  the  point  at  which  M«  *=  1  just 
behind  the  shook  is* 

Initial  ifeeh  number  Y/D  at  which  Mg  -   1 


1.49  .96 

1.636  .83 

1.694  .6? 


From  this  and  the  previously  noted  point  at  which     1  on  the  surfaoe 
of  the  oone,  we  get  two  points  on  the  boundary  line  betv/een' subsonic 

and  supersonic  floT. 

o 
Fig.  27  gives  the  theoretical  surface  pressure  for  an  infinite  70 

cone  plotted  against  free  stream  Maoh  number.   Fig.  28  gives  the  theore- 
tical shock  wave  an^le.   In  Fig.  28  the  minimum  Mach  number  at  which 
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the  floor  behind  the  shock  Tecomes  sipersonio  and  the  minimum  Maoh 
number  at  vrhich  the  flow  over  the  surface  of  the  cone  beooraes 
supers onio  are  indicated.   Pic**  27  and  28  were  plotted  from  data 
-iven  by  Kopal.  Experimental  points  for  the  :*pex  of  the  cone  are 
superimposed  on  the  theoretical  curves. 

Figs.  29  through  35  are  Sohlieren  photographs  of  the  models  at 
various  test  Uaoh  numbers. 

The  results  in  general  shovr  close  agreement  with  theory  in  all 
details  uhere  lireot  comparisons  are  possible  and  are  nowhere  incom* 
patible  with  theory.   The  results  are  also  in  agreement  with  the  work 
of  Marschner  and  Altseimer  and  ammplify  their  results  for  points  close 
to  the  apex  of  the  cone. 


IV.   CONCLUSIONS 

It  is  ooncluded  that  theory  gives  excellent  agreement  with 
experimental  results  for  those  values  of  flow  compared*   It  is 

that  this  investigation  is  a  ^ood  experimental  check  on  the 
analytical  data  of  the  Kopal  report  (Ref.  2y,  and,  by  extension, 
that  all  values  tabulated  can  be  used  with  oonfidenoe. 

It  is  further  concluded  that  the  transition  from  detached  to 
attached  shock  wave  proceeds  smoothly  and  with  no  violent  changes 
in  the  flow,  except  for  a  jump  in  the  pressure  at  attachment  at 
the  extreme  tip  of  the  cone. 
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A.      Determination  of  M 
Data: 

PQ  PA  ?4  PA  P8  P4  Baro 

5/8"        102.8       99.2        132.65       70.35       63.30       5.84        74.70 


po 

102.6 

PA 

99.2 

3.4 

Baro 

74.7 

3.4 

?o     =" 

71.3 

P4 

132, 

,65 

' 

70, 

,35 

62, 

,30 

Baro 

74, 

, 

62< 

,30 

p       - 
*4 

12, 

,40 

—       12'4 

P0  71.3  *17SS 


2188    (P4  -  ?8>  .2188   (58.4  -   63. 3> 

~~  -   .01504 


P0  71.3 


P8 


—  -  .1739  -  .0150     .1575 


1.860 
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B.     Determination  of  Angle  of  Attack 
Data « 


Rel.  Angle  Pg  PA  AP 


Hole  up 

0 

Hole  up 

1.0 

Hole  dorm 

0 

Hole  down 

1.0 

112.70  92.10  20.60 

112.90  91.85  21.05 

112.90  91.85  21.05 

112.65  92.15  20.50 


C.      Determination  of  PgA0;  M  ~  1.86 
Data* 

Run     Model  .        PQ           P^  Baro         ?B            ?A       P4            PA           T 

52          3          102.65     99.15  74.88        121.6     81.6     75.45     13.35     23.3 


Po 

102.65 

Pa 

99.15 

3.50 

Baro 

74.88 

3.50 

P       = 
o 

71.38 

P8 

121.6 

PA 

81.8 

39.8 

B&ro 

74.88 

39.8 

Ps     ~ 

35.08 

p/p         M^oa   =   „4315 

8     °  71.38 
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D.   Determination  of  Pa/P0f I  M   1.S6 


^A2'*    /.2(1.86;2 
•4/  (l. 2(1. 86; 


'2-8    ,  2,  9  .4\2,5    /.2(1.86/(ain  5a.2,2-  A    3'5 

—  (l.86/(sin  56. T/*  .  _ 


2(8in2   56.2/ 


-     1.108 


P  ?  P 

JL  8  ° 

9 

o 
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